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Abstract
We study the factorization and resummation of the transverse momentum spectrum of the color
sextet and antitriplet scalars produced at the LHC based on soft-collinear effective theory. Com-
pared to Z boson and Higgs production, a soft function is required to account for the soft gluon
emission from the final-state colored scalar. The soft function is calculated at the next-to-leading
order, and the resummation is performed at the approximate next-to-next-to-leading logarithmic
accuracy. The non-perturbative effects and PDF uncertainties are also discussed.
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I. INTRODUCTION
The Large Hadron Collider (LHC) provides a great opportunity to search for new physics
beyond the Standard Model (SM). For example, observation of the color sextet (antitriplet)
scalars will be a direct signal of new physics beyond the SM. In fact, the color sextet
(antitriplet) scalars have been included in many new physics models, such as unification
theories [1–3], Supersymmetry with R-parity violation [4], diquark Higgs [5], et al. So it is
preferable to concern with such signal in the model independent way rather than considering
some specific models. A colored scalar can be produced in quark-quark fusion with color
structure obtained from 3×3 = 6⊕3¯, where 3, 6 and 3¯ are the triplet, sextet and antitriplet
representations of the SU(3)C color group. The interaction of the color sextet (antitriplet)
scalars with two quarks can be written as
L = 2
√
2
[
K¯i
abφiψ¯a
(
λLPL + λRPR
)
ψCb + h.c.
]
, (1)
where PL,R ≡ (1 ∓ γ5)/2 are the usual left- and right-hand projectors, λL/R is the Yukawa
like coupling, a, b are the color indices, and K¯i
ab is Clebsch-Gordan coefficients [6]. qC is
the charge conjugate quark field, and the sum over quark flavors has been suppressed. The
scalar φi transforms according to either sextet or antitriplet representation of SU(3)C . The
production of a heavy resonance via quark-quark fusion is significantly enhanced at the LHC
for larger values of the partonic Bjorken-x, because valence quarks have large parton density
there, where the gluon density drops off rapidly.
The exotic colored states attract a lot attention in experiments [7, 8]. The most current
data reported by the CMS experiment [7] at
√
s = 8TeV corresponding to an integrated
luminosity of 4 fb−1 excludes E6 diquarks [9] with mass less than 4.28 TeV at 95% confidence
level. As shown in Ref. [5, 10, 11], the measurements of D0-D0 mixing and the rate of
D → π+ π0(π+φ) decay can constrain the couplings of the colored scalars to two up-type
quarks λuuR , λ
uc
R ≤ 0.1, |Re(λccλuu∗)| ∼ 5.76 × 10−7 for mφ ∼ 1TeV. In addition, the left-
handed coupling λL also gets tight constraints due to minimal flavor violation. Since we
use the model independent coupling λ2 = λ2L + λ
2
R, above constraints can be relaxed in the
following scenario.
Resonant production of the color antitriplet scalars and vectors has been calculated at
the leading order (LO), respectively, in Ref. [12–15], and pair production of the color sextet
scalars has been studied at the LO in Ref. [11, 16]. In Ref. [6],the next-to-leading order
2
(NLO) QCD corrections to the production of color sextet and antitriplet scalars have also
been calculated . The decay of color triplet and sextet has also been studied in Ref. [17]
and Ref. [18, 19], respectively. Very recently, the threshold resummation for the production
of a color sextet (antitriplet) has been investigated in Ref. [20]. As is well-known in the case
of Drell-Yan and Higgs production, the fixed-order predictions are unreliable in small qT
region, because soft and collinear gluon emissions give rise to large logarithms of scale ratio
ln(q2T /Q
2) at each order in perturbation theory, where Q≫ qT is a typical hard scale of the
process. For the case of Drell-Yan and Higgs, the method to deal with this problem is the
so-called Collins-Soper-Sterman (CSS) formalism [21–23], in which the large logarithms can
be resummed to all orders in the strong coupling αs. For colored scalar production, the CSS
formulism can not be directly applied due to gluon emissions from the colored scalar in the
final state. Nevertheless, Ref. [6] achieved the transverse momentum resummation for the
production of a colored scalar at the leading logarithmic (LL) level by modifying the CSS
formulism.
In this paper, we investigate the transverse momentum resummation in single production
of the color sextet (antitriplet) scalars at the LHC with the approximate next-to-next-
leading logarithmic (NNLLapprox) accuracy in the framwork of the soft-collinear effective
theory (SCET) [24–26]. The framework is built upon the works in Ref. [27–30], which
systematically resum the large logarithms to arbitrary accuracy. A novel feature of the
method in the framework of SCET is the appearance of a transverse soft function, which
describes color exchange among the initial state and final state particles.
This paper is organized as follows. In Sec. II, we briefly show the derivation of the
factorization formula for the single colored scalar production at the LHC. In Sec. III, we
calculate the hard function and the soft function at the NLO, and show the resummation
formula at the NNLLapprox. We expand the resummation formula to the NLO in Sec. IV and
compare them with the exact NLO calculation at small transverse momentum. In Sec. V,
we discuss the scale and PDF uncertainties of the cross section, and compare our numerical
results with the ones in Ref. [6]. We conclude in Sec. VI
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II. DERIVATION OF THE FACTORIZATION FORMULAR
In this section we present the derivation of the factorization for the production of a color
sextet (antitriple) scalar using SCET. The transverse momentum resummation discussed
has some similarity with threshold resummation [20], for example, the hard function which
encodes the short-distance physics is exactly the same as the one in threshold resummation.
But it is genuinely different from that, since the treatment of soft and collinear radiations
are completely different from the threshold resummation.
We study the production of a colored scalar with massmφ and transverse momentum qT in
the kinematic region where m2φ ≫ q2T ≫ Λ2QCD. To describe collinear and soft fields in SCET,
it is convenient to define two light-like vectors along the beam directions nµ = (1, 0, 0, 1) and
n¯µ = (1, 0, 0,−1), which satisfy n · n¯ = 2. We can decompose any four-vector with respect
to nµ and n¯µ as
pµ = (n · p) n¯
µ
2
+ (n¯ · p)n
µ
2
+ pµ⊥ = p+
n¯µ
2
+ p−
nµ
2
+ pµ⊥ . (2)
We define a small parameter λ = qT/mφ and quote the components (p+, p−, p⊥) of momen-
tum. The relevant momentum regions are
hard: ph ∼ mφ (1, 1, 1) ,
hard-collinear: phc ∼ mφ (λ2, 1, λ) ,
anti-hard-collinear: phc ∼ mφ (1, λ2, λ) ,
soft: ps ∼ mφ (λ, λ, λ) .
We consider the process
N1(P1) +N2(P2)→ φ(q) +X(pX) , (3)
where N1 and N2 are the incoming hadrons and X are the inclusive hadronic final states.
For later convenience, we define the following kinematic variables
s = (P1 + P2)
2 , τ =
m2φ + q
2
T
s
, (4)
Generally, the differential cross section can be written as
dσ =
1
2s
d3~q
(2π)32Eφ
∫
d4x〈N1(P1)N2(P2)|Φˆ†(x)|φ(q)〉〈φ(q)|Φˆ(0)|N1(P1)N2(P2)〉 (5)
4
with
Φˆ = 2
√
2Kiabφ
†
iψ
T
a
(
λ∗LPR + λ
∗
RPL
)
ψb . (6)
In SCET, the n-collinear quark ψn can be written as
χn(x) = W
†
n(x)ξn(x), ξn(x) =
n/n¯/
4
ψn(x), (7)
where Wn(x) is the n-collinear Wilson line [25], which describes the emission of arbitrary
n-collinear gluons from an n-collinear quark.
At the leading power in λ, only the n·As component of soft gluons can interact with the
n-collinear field. Such interaction is eikonal and can be removed by a field redefinition [25]:
χn(x)→ Yn(x)χn(x), φv(x)→ Yv(x)φv(x) , (8)
with
Yn(x) = P exp
(
igs
∫ 0
−∞
ds n·Aas(x+ sn)ta
)
, (9)
and
Yv(x) = P exp
(
−igs
∫ ∞
0
ds v ·Aas(x+ sv)ta
)
, (10)
where Yn(x) and Yv(x) are incoming and outgoing Wilson lines [25, 31, 32], respectively, and
v is the dimensionless vector along the directions of the momentum of the massive scalar
with v2 = 1. After the fields redefinition, the operator Φˆ can be written as
Φˆ → CS(−q2 − iε, µ)Oˆ , (11)
where
Oˆ = 2
√
2KiabY
†
v φ
†
vχ
T
n¯Yn¯C (λ
∗
LPR + λ
∗
RPL)Ynχn , (12)
and CS(−m2φ − iε, µ) is the hard Wilson coefficient. C is the charge conjugation matrix.
The matrix element for the process of single colored scalar production can factorize in the
form
〈N1(P1)N2(P2)|Oˆ†(x)Oˆ(0)|N1(P1)N2(P2)〉 = 2NDλ
2
N2c
〈N1(P1)|χ¯n(x) n¯/
2
χn(0)|N1(P1)〉
×〈N2(P2)|χ¯n¯(x)n/
2
χn¯(0)|N2(P2)〉 S(x, µ) , (13)
where
S(x, µ) = 1
ND
〈0|Tr[T(Y †n Y †n¯ Yv)(x)T(Yn¯ Yn Y †v )(0)]|0〉 (14)
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is the soft function. The trace is over color indices, and the time-ordering operator T is
required to ensure the proper ordering of soft gluon fields in the soft Wilson line. ND is the
dimension of the color representation of the scalars. The initial collinear sectors in Eq. (13)
can reduce to the transverse momentum dependent parton distribution functions (TMD
PDFs) [27]
Bnq/N1(z, x2T , µ) =
1
2π
∫
dt e−iztn¯·p 〈N1(p)| χ¯n(tn¯+ x⊥) /¯n
2
χn(0) |N1(p)〉 ,
Bn¯q/N2(z, x2T , µ) =
1
2π
∫
dt e−iztn·p 〈N2(p)| χ¯n¯(tn+ x⊥) /n
2
χn¯(0) |N2(p)〉 , (15)
where x2T ≡ −x2⊥ > 0. Note that Bnq/N1 and Bn¯q/N2 in Eq. (15) are TMD PDFs for quark.
Now the matrix element for the process of a colored scalar production is factorized into
two collinear sectors and a soft sector, which do not interact with each other. Thus, the
differential cross section can be written as
d2σ
dq2T dy
=
2πNDλ
2(µ2)
N2c s
H(m2φ, µ2)
1
4π
∫
d2x⊥ e
−iq⊥·x⊥
×
[
Bnq/N1(ξ1, x2T , µ)Bn¯q′/N2(ξ2, x2T , µ)S(x2T , µ) + (q ↔ q′)
]
+O
(
q2T
M2
)
,
(16)
where y is the rapidity of the colored scalar, ξ1,2 =
√
τ e±y, and H(m2φ, µ2) is the hard
function defined as H(m2φ, µ2) =
∣∣CS(−m2φ − iε, µ2)∣∣2. The collinear anomalous terms can
be factored out [27], and the product of the two TMD PDFs can be refactorized
Bnq/N1(z1, x⊥, µ)Bn¯q′/N2(z2, x⊥, µ) =
(
x2Tm
2
φ
4e−2γE
)−Fqq′(x2T ,µ)
Bnq/N1(z1, x⊥, µ)B
n¯
q′/N2
(z2, x⊥, µ) ,
(17)
where Fqq′ is the same as the Fqq¯ in Ref. [27]. The Bq/N functions are intrinsically non-
perturbative objects. For xT ≪ 1/ΛQCD, it can be matched onto the normal PDFs [27]
via
Bq/N (z, x
2
T , µ) =
∑
i
∫
dξ
ξ
Iq←i(ξ, L⊥, µ) fi/N(z/ξ, µ) , (18)
with perturbatively calculable matching coefficient functions Ii←j. Now the differential cross
section can be further in a useful form
d2σ
dq2T dy
=
2πNDλ
2(µ)
N2c s
H(m2φ, µ2)
∑
i,j=q,q′,g
∫ 1
ξ1
dz1
z1
∫ 1
ξ2
dz2
z2
× Cqq′←ij(z1, z2, q2T , m2φ, µ)fi/N1(ξ1/z1, µ) fj/N2(ξ2/z2, µ) (19)
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with
Cqq′←ij(z1, z2, q
2
T , m
2
φ, µ) =
1
4π
∫
d2x⊥ e
−iq⊥·x⊥
(
x2Tm
2
φ
b20
)−Fqq′(L⊥,as)
× Inq←i(z1, L⊥, as) I n¯q′←j(z2, L⊥, as)S(L⊥, as) ,
(20)
where as, L⊥, b0 are defined as
as =
αs(µ)
4π
, L⊥ = ln
x2Tµ
2
b20
, b0 = 2e
−γE . (21)
III. RESUMMATION
A. Running of the new physics coupling
The new physics coupling λ satisfies the renormalization group (RG) equation
d lnλ
d lnµ
= γλ(αs) , (22)
where the one-loop level γλ is given by
γλ0 = −6CF . (23)
By solving Eq. (22), we can get λ running from the scale µλ to the factorization scale µ
λ(µ2) = e−aγλ (µ
2
λ
,µ2)λ0 , (24)
where λ0 denotes the new physics coupling at the scale µλ. In this paper, we choose µλ = mφ.
aγλ(ν
2, µ2) is defined as
aγλ(ν
2, µ2) = −
∫ αs(µ2)
αs(ν2)
dα
γλ(α)
β(α)
. (25)
Now, the anomalous dimension of the new physics coupling is only available at the NLO,
which means that the resummation for λ is at the next-to-leading logarithmic (NLL) order.
B. Hard function
In SCET, CS(−m2φ, µ2) (here and below the negative arguments are understood with a−iε
prescription) can be obtained to order O(αs) from one-loop virtual correction calculation,
whose infrared divergences are subtracted in the MS scheme [20]
CS(−m2φ, µ2) = 1 +
αs(µ)
4π
[
CF
(
−L2 + π
2
6
− 2
)
+ CD
(
L− 2
3
π2 − 1
)]
, (26)
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with
L = ln
−m2φ
µ2
. (27)
CS(−m2φ, µ2) satisfies the RG equation [33]
d
d lnµ
CS(−m2φ, µ2) =
[
ΓFcusp(αs) ln
−m2φ
µ2
+ 2γq(αs) + γ
D(αs)− γλ(αs)
]
CS(−m2φ, µ2) .
(28)
ΓFcusp(αs) is the cusp anomalous dimension in the fundamental representation. γ
q (equal to
γV /2 in Ref. [34]) is the anomalous dimension of massless quark, and γD is the one of colored
scalar, which is given by [33]
γD0 = −2CD ,
γD1 = CDCA
(
2π2
3
− 98
9
− 4ζ3
)
+
40
9
CDTFnf . (29)
From now on, the coupling αs without an explicit argument will always refer to αs(µ).
The solution of Eq. (28) is
CS(−m2φ, µ2) = exp
[
2S(µ2h, µ
2)− aΓ(µ2h, µ2) ln
−m2φ
µ2h
− aγH (µ2h, µ2) + aγλ(µ2h, µ2)
]
CS(−m2φ, µ2h) ,
(30)
where γH = 2γq + γD, µh is hard matching scale and S(ν
2, µ2) is defined as
S(ν2, µ2) = −
∫ αs(µ2)
αs(ν2)
dα
ΓFcusp(α)
β(α)
∫ α
αs(ν2)
dα′
β(α′)
. (31)
aγH and aγλ have the similar expression as (25). Up to NNLL, three-loop Γcusp and two-loop
normal anomalous dimension are required, and the explicit expressions of them are collected
in the Appendix of Ref. [34].
C. Soft function
Because the colored scalar in the final state can interact with gluon, the soft function is
not trivial any more, which is different from the case of Drell-Yan. At NLO, the diagrams
of calculating in eikonal approximation are shown in Fig. 1. In Ref. [27], it has been shown
that the contribution from Fig. 1(a) vanishes because the relevant integral is scaleless. The
contributions from Fig. 1(b) and Fig. 1(c) are given by
S(1)b (x2T , µ) =
2 g2s µ
2ǫ
(2π)3−2ǫ
1
2
CD
∫
d4−2ǫk δ(k2)θ(k0)e−ik⊥·x⊥
( ν2
n¯ · k
)β n · v
(n · k)(v · k) ,
S(1)c (x2T , µ) =
2 g2s µ
2ǫ
(2π)3−2ǫ
1
2
CD
∫
d4−2ǫk δ(k2)θ(k0)e−ik⊥·x⊥
( ν2
n¯ · k
)β n¯ · v
(n¯ · k)(v · k) ,
(32)
8
FIG. 1: One-loop diagrams contributing to the soft function S(xT , µ) .The contributions from
diagrams (a), (b), (c) and (d) are denoted as S(1)a , S(1)b , S
(1)
c and S(1)d . The vertical lines indicate
cut propagators.
where the analytic regularization method [27] is used. After calculating the integrals in
Eq. (32), we find that S(1)b + S(1)c is equal to zero. Therefore the soft function only depends
on the contribution from Fig. 1(d)
S(1)(x2T , µ) = S(1)d (x2T , µ)
= − g
2
s µ
2ǫ
(2π)3−2ǫ
CD
∫
d4−2ǫk δ(k2)θ(k0)e−ik⊥·x⊥
( ν2
n¯ · k
)β v2
(v · k)2 ,
(33)
and in the MS scheme, the NLO soft function is
S(x2T , µ) = 1 +
αsCD
2π
ln
x2Tµ
2
4e−2γE
+O(α2s) . (34)
The RG equation of the soft function is
d lnS(x2T , µ)
d lnµ
= 2γSqq(αs) . (35)
where γSqq is the anomalous dimension of the soft function, which can be obtained at one-
loop level from Eq. (34).
In Ref. [28], the double logarithmic terms of the function Iq←q can be resummed by
defining a new function I¯q←q. The logarithmic term in the soft function can be resummed
in the same way,
S(L⊥, as) ≡ ehS(L⊥,as)S¯(L⊥, as) . (36)
From the RG equation of the soft function (35), we can obtain
d
d lnµ
hS(L⊥, as(µ)) = 2γ
Sqq(as(µ)) ,
d
d lnµ
S¯(L⊥, as(µ)) = 0 (37)
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Matching to the NLO result of S(L⊥, as(µ)), we can get S¯(L⊥, as(µ)) = S(0, as(µ)) by
choosing the boundary condition as hS(0, as(µ)) ≡ 0. Generalizing the NLO result to high
orders, hS(L⊥, as(µ)) can be expanded
hS(L⊥, as(µ)) =
∞∑
n=1
h
(n)
S (L⊥)as(µ)
n . (38)
Using the RG equation of the soft function, we get the first two expansion coefficients of hS
h
(1)
S (L⊥) = γ
Sqq
0 L⊥ ,
h
(2)
S (L⊥) =
1
2
γ
Sqq
0 β0 L
2
⊥ + γ
Sqq
1 L⊥ . (39)
D. Scale independence
In the factorization formalism, we have introduced the hard and soft function. It is
important to check the scale independence of the final results at one-loop level. As shown
in Ref. [27], the RG equation for the PDFs is
d
d lnµ
fi/N (z, µ) =
∑
j
∫ 1
z
du
u
Pi←j(z/u, µ) fj/N(u, µ) , (40)
the evolution equations for the kernel function Iq←i(z, x
2
T , µ) are
d
d lnµ
Iq←i(z, x
2
T , µ) =
[
ΓFcusp(αs) ln
x2Tµ
2
4e−2γE
− 2γq(αs)
]
Iq←i(z, x
2
T , µ)
−
∑
j
∫ 1
z
du
u
Iq←j(u, x
2
T , µ)Pj←i(z/u, µ) ,
(41)
and the RG equation for Fqq′(x
2
T , µ) is
dFqq′(x
2
T , µ)
d lnµ
= 2ΓFcusp(αs) . (42)
The RG invariance requires
d
d lnµ
[
λ2(µ)H(µ2)
(
x2Tm
2
φ
b20
)−Fqq′ (L⊥)
Inq←i(L⊥) I
n¯
q′←j(L⊥)fi/N1(µ) fj/N2(µ)S(L⊥)
]
= 0 ,
(43)
which implies
γH − 2γq + γSqq = 0 , (44)
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where the RG equations of the new physics coupling λ (22), the hard (28) and soft func-
tion (35) have been used. We confirm that Eq. (44) is satisfied at one-loop level, through
calculating the anomalous dimension γH and γSqq up to O(αs).
Using Eq. (44), the two-loop anomalous dimension of the soft function can be derived
from
γSqq = −γD , (45)
where γD is available up to O(α2s) (29).
E. Final RG improved differential cross section
Now, we can obtain the differential cross section of the transverse momentum resumma-
tion
d2σ
dq2T dy
=
2πNDλ
2
0
N2c s
H(m2φ, µ2h)U(m2φ, µ2h, µ2)
∑
i,j=q,q′,g
∫ 1
ξ1
dz1
z1
∫ 1
ξ2
dz2
z2
× Cqq′←ij(z1, z2, q2T , m2φ, µ)fi/N1(ξ1/z1, µ) fj/N2(ξ2/z2, µ) ,
with
U(m2φ, µ
2
h, µ
2) = exp
[
4S(µ2h, µ
2)− 2aΓ(µ2h, µ2) ln
m2φ
µ2h
− 2aγH (µ2h, µ2)− 2aγλ(µ2λ, µ2h)
]
, (46)
and
Cqq′←ij(z1, z2, q
2
T , m
2
φ, µ) =
1
2
∫ ∞
0
dxT xT J0(xT qT ) exp
[
gF (m
2
φ, µ, L⊥, as) + hS(L⊥, as)
]
× I¯nq←i(z1, L⊥, as) I¯ n¯q←j(z2, L⊥, as)S¯(L⊥, as) ,
(47)
where J0 is the zeroth order Bessel function. The expressions of I¯q←i and gF have been
shown in Ref. [28].
Table I shows the counting scheme for resummation [34]. Up to NNLL, all the required
anomalous dimensions are available, except for the two-loop γλ. It can only be obtained
from the calculation of two-loop β function of the new physics coupling λ, the result of
which is not available and need to be studied in the future. Thus, we just use the one-loop
γλ in this paper. Actually, the contribution from γλ to the evolution function U(m2φ, µ
2
h, µ
2)
vanishes when µ2h ∼ m2φ, so γλ only affects the running of λ(µ2λ), and our resummation is
called as NNLLapprox.
11
Log. approx. Accuracy ∼ αnsLk Γcusp γD, γq, γλ CS , S
LL k = 2n 1-loop tree-level tree-level
NLL 2n− 1 ≤ k ≤ 2n 2-loop 1-loop tree-level
NNLL 2n− 3 ≤ k ≤ 2n 3-loop 2-loop 1-loop
TABLE I: Schemes for resummation with different level of accuracy.
To give precise prediction, we resum the singular terms to all orders and include the
non-singular terms up to the NLO, which can be written as
dσNNLLapprox+NLO
dqT
=
dσNNLLapprox
dqT
+
(
dσNLO
dqT
− dσ
NNLLapprox
dqT
∣∣∣∣
expanded to NLO
)
. (48)
IV. THE qT SPECTRUM OF COLORED SCALAR AT FIXED ORDER
To verify the correctness of our factorization formula and soft functions, we expand our
qT spectrum to the NLO and compare with the exact NLO results. By expanding Cqq′←ij
to order O(αs) in the limit qT → 0, the differential cross section can be written as
d2σ
dq2T dy
=
2πNDλ
2
N2c s
{
fq/N1(ξ1)fq′/N2(ξ2)
(
A
[
1
q2T
ln
m2φ
q2T
][q2T ,µ2]
⋆
+B
[
1
q2T
][q2
T
,µ2]
⋆
+ Cδ(q2T )
)
+
[∑
a
(αs
4π
)(1
2
Pq←a
[
1
q2T
][q2
T
,µ2]
⋆
+Rq←aδ(q
2
T )
)
⊗ fa/N1
]
(ξ1)fq′/N2(ξ2)
+ fq/N1(ξ1)
[∑
a
(αs
4π
)(1
2
Pq′←a
[
1
q2T
][q2
T
,µ2]
⋆
+Rq′←aδ(q
2
T )
)
⊗ fa/N2
]
(ξ2)
+ (q ↔ q′)
}
,
(49)
with
A =
αs
4π
4CF , B = −αs
4π
(6CF + 2CD), C = H(1)S(0) +H(0)S(1)|L⊥→0 , (50)
where Pq←a are the NLO DGLAP splitting functions:
Pq←q(z) = 4CF
(
1 + z2
1− z
)
+
, Pq←g(z) = 4TF [z
2 + (1− z)2] , (51)
and the remainder functions Rq←a are
Rq←q(z) = CF
(
2(1− z)− π
2
6
δ(1− z)
)
, Rq←g(z) = 4TF z(1 − z) . (52)
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FIG. 2: The NLO total cross section for colored scalar production at the LHC with
√
s = 14TeV.
CTEQ6.1 [37] PDF sets are used. In the lower plots, the red solid lines represent the results in
Ref. [6].
The star distribution in Eq. (49) is defined as [35, 36]
[f(x)][x,a]⋆ = f(x) for x > 0 ,∫ a
0
dx [f(x)][x,a]⋆ g(x) =
∫ a
0
dx f(x) [g(x)− g(0)] .
(53)
Now we try to reproduce the NLO total cross section for colored scalar production. Using
the phase space slicing method, the NLO total cross section can be divided into two parts:
small qT region denoted by σI, which can be obtained by integrating the differential cross
section in Eq. (49) in the approximation of neglecting O(q2T/m2φ) terms, and the large qT
part denoted by σII, which is infrared safe and can be numerically computed directly. Thus
the total cross section is given by
σNLO =
∫ q2T,cut
0
dq2T
dσNLO
dq2T
+
∫ ∞
q2
T,cut
dq2T
dσNLO
dq2T
= σI + σII . (54)
As shown Fig. 2, our numerical results indicate the correctness of the hard and soft function.
It can be seen that the dependence on qT,cut is canceled after summing σI and σII, and the
NLO total cross section is agreement with the one in Ref. [6].
13
0
h
µ/
h
µ
0.6 0.8 1 1.2 1.4 1.6 1.8 2
 
)
2 hµ
 
,
 
2 φ
H
(m
0
0.2
0.4
0.6
0.8
1
1.2
NLL
approxNNLL
Sextet
=500 GeVφm
0
h
µ/
h
µ
0.6 0.8 1 1.2 1.4 1.6 1.8 2
 
)
2 hµ
 
,
 
2 φ
H
(m
0
0.2
0.4
0.6
0.8
1
1.2
NLL
approxNNLL
Antitriplet
=500 GeVφm
FIG. 3: Dependence of the hard function on hard matching scale µh. For comparison, we show
the dependence on µh for both NLL (dashed) and NNLLapprox (solid) resummation.
V. NUMERIAL DISCUSSION
In this section, we give the numerical results for the transverse momentum resummation
effects in the single production of the color sextet (antitriplet) scalars at the LHC. Through-
out the numerical calculation, we use MSTW2008NLO [38] PDF sets for NLO and NLL,
and use MSTW2008NNLO PDF sets for NNLLapprox. In addition, we factored out the new
physics coupling λ20 for a model independent presentation and choose the initial state quarks
uu for sextet and ud for antitriplet, respectively. We choose the factorization scale [28]
µ = qT + q∗ , (55)
where
q∗ = mφ exp
(
− 2π
ΓF0 αs(q∗)
)
. (56)
From the Eq. (56), we obtain q∗ = 2.9GeV for mφ = 500GeV and q∗ = 3.8GeV for
mφ = 1TeV, both of which are short-distance scales in the perturbative domain.
Besides, we choose the hard matching scale µ0h = mφ for both color sextet and antitriplet.
Fig. 3 shows the dependence of the hard function on µh. It can be seen that the hard
matching scale dependence decreases significantly from NLL to NNLLapprox for both color
sextet and antitriplet.
Our factorization formula is formally valid in the region ΛQCD ≪ qT ≪ mφ. When qT ∼
ΛQCD, there are corrections in powers of xTΛQCD, which comes form the operator-product
expansion of the transverse PDFs [28]. These power corrections are of non-perturbative
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FIG. 4: Long-distance effects on the differential cross sections dσ/dqT (NNLLapprox). The left
figure is for sextet and the right one is for antitriplet.
origin and one must model them, using some technique shown as follows [28]. The TMD
PDFs are replaced by
Bq/N(ξ, x
2
T , µ) = fhadr(xTΛNP)B
pert
q/N (ξ, x
2
T , µ) , (57)
where ΛNP is a hadronic scale, and fhadr(xTΛNP) is
fhadr(xTΛNP) = exp(−Λ2NPx2T ) . (58)
Fig. 4 shows the ΛNP dependence of the results of transverse momentum resummation
of single colored scalar production at the LHC with
√
s = 14TeV. The non-perturbative
form factor results in a small shift of the position of the peak of the qT distribution. In
addition, the qpeak of color antitriplet is a little larger than the one of sextet. In the following
calculation, we choose ΛNP = 600MeV [28] to simulate the non-perturbative effects for single
colored scalar production.
In Fig. 5, we show the scale dependence of the differential cross section at the NLL and
the NNLLapprox, varying the factorization scale µ by a factor of 2. It can be seen that the
scale uncertainties reduce significantly from NLL to NNLLapprox for both color sextet and
antitriplet. In addition, comparing to NLL, the differential cross section at NNLLapprox in the
peak region is suppressed for color sextet and enhanced for antitriplet. However, comparing
to the color antitriplet case, the NLL result has a larger deviation from the NNLLapprox for
color sextet. It is because that in NLL calculations the LO hard function is used, while in
NNLLapprox calculations the NLO hard function is used, which gives a larger NLO correction
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FIG. 5: Results of resummation for the transverse momentum distribution of single colored scalar
production at mφ = 500GeV at the LHC with NLL (blue bands) and NNLLapprox (red bands)
accuracy. The thick lines represent the default scale choice.
to LO hard function (about -20%, as shown in Fig. 3) for color sextet. Thus, the theoretical
prediction of NLL result for color sextet is inaccurate.
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FIG. 6: Transverse momentum distribution for the single colored scalar production with mass of
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Fig. 6 shows the transverse momentum distribution for both mφ = 500GeV and mφ =
1TeV. Comparing with the work in Ref. [6], our results have some differences. First, the
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FIG. 7: PDF uncertainties for the production of colored scalar particles at the LHC. The bands
correspond to 1σ deviation variations of the PDF sets in MSTW2008 NNLO (red) and CT10 NNLO
(green). At lower row we show the deviations to each central value.
peak of the qT distribution of NNLLapprox + NLO is suppressed by about 3% for sextet
and enhanced by about 25% for antitriplet. Second, our low qT distributions peak around
4 ∼ 6.5GeV, while the peak region in Ref. [6] is around 5 ∼ 8GeV. These are due to the
fact that our result of the resummation is presented at higher order than the one in Ref. [6].
In Fig. 7, we show the PDF uncertainties of the qT distributions with MSTW2008NNLO
[39] and CT10NNLO [40] PDF sets. For MSTW2008NNLO, the deviations are ±2.5% for
qT ≤ 5GeV and decrease to roughly ±1% near qT = 50GeV, while for CT10NNLO, the
PDF uncertainties are a little larger. The central values of differential cross sections with
the two different PDF sets are almost identical to each other, with deviation smaller than
±2.5%.
VI. CONCLUSION
We have studied the factorization and transverse momentum resummation effects in the
single production of the color sextet (antitriplet) scalars at the LHC with the SCET. The soft
17
function is calculated in analytic regularization at the NLO and its validity is demonstrated.
From the comparison of the results for NLL and NNLLapprox resummation, we find the scale
dependence is improved significantly in higher order. Comparing with the results in Ref. [6],
the peak of the qT distribution of NNLLapprox+NLO is suppressed by about 3% for sextet and
enhanced by about 25% for antitriplet, respectively. In addition, our low qT distributions
peak around 4 ∼ 6.5GeV, while the peak region in Ref. [6] is around 5 ∼ 8GeV. Also, we
discuss the long-distance corrections to the transverse momentum spectrum, and show that
they shift the peak positions about 0.2GeV with ΛNP = 600MeV. Finally, we show that
the PDF uncertainties are of order ±2.5% in the peak region.
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